Injectable drugs manufactured in E. coli must be tested for host residual DNA (hr DNA) impurity in ensuring drug purity and safety. Because of low allowable hr DNA as impurity, highly sensitive methods are needed. Droplet digital PCR (ddPCR) is a new method where the reaction is partitioned into about 20,000 nanoliter-sized droplets and each droplet acts as individual PCR reaction. After completion of end-point PCR, droplets are analyzed for fluorescence and categorized as positive or negative and DNA quantified using Poisson statistics. Here we describe development of a direct E. coli hr DNA dd PCR method where the drug is directly added to the ddPCR reaction. We show that the ddPCR method has acceptable precision and high accuracy, works with different biologic drugs, and compared to qPCR shows higher tolerance of drug matrices. The method does not require DNA extraction or standard curves for quantification of hr DNA in unknown samples.
Introduction
Many recombinant therapeutic proteins are produced in E. coli, e.g., insulin, human growth hormones, insulin-like growth factors, interferons, and interleukins [1] . E. coli is preferred as host because of well characterized genome, simplicity associated with cell cultures, rapid growth rates, high levels of expression, and low cost [2] [3] [4] . However, biopharmaceuticals manufactured in host cells contain host residual protein and DNA (hr DNA) as impurity and must be removed and quantified in the purified drug before it can be used in patients.
The WHO guidelines recommend the hr DNA levels to be <10 ng per daily dose [5] [6] . Typically, the biopharmaceutical industry uses qPCR, which is a sensitive and accurate method for quantification of hr DNA [7] [8]. Since qPCR requires generation of a standard curve for each experiment and often DNA extraction, both of which can be time consuming, we evaluated direct droplet digital PCR (ddPCR) as an alternative method [9] . In the ddPCR method the PCR reaction is partitioned into about 20,000 individual nanoliter-sized droplets using microfluidics. After the PCR is run to endpoint, the droplet fluorescence is read and analyzed, the number of positive and negative droplets is categorized, and the DNA amount is quantified based on Poisson statistics. After an initial standard curve is generated, future experiments can be run without the need for a DNA standard curve.
Materials and Methods

Materials
We 
QPCR Method
The 3'-end of rrsA gene of E. coli (16s rRNA gene, Gen Bank Acquisition # CP001969.1; region 228440 to 229981) was the amplification target for quantifi- 
DDPCR Method
We developed the ddPCR method for E. coli hr DNA based on the qPCR method; the same 10× Assay Mix mentioned above was used with Supermix RDQ. Prior to each testing, a ddPCR reaction mix was prepared so that each 25 µL mix per PCR reaction contained 12.5 µL of Supermix RDQ, 2.5 µL 10x Assay Mix, and 10 µL of sample in wells of a 96-well PCR plate. The amount of drug and standard DNA was added such that the desired amounts were present in the 20 µL picked by Bio-Rad Automate Droplet Generator (ADG) to make droplets. The plate was sealed with Pierceable Foil Heat Seal using a Bio Rad PX1 PCR Plate Sealer for 5 seconds. The plate was briefly spun and put in the ADG for making droplets according to the manufacturer's protocol. The ADG made droplets by mixing with oil, and delivered in identical wells of a fresh PCR plate.
The new PCR plate with the droplets was carefully removed from the ADG, sealed, and put in a thermocycler for PCR. The PCR cycling conditions were: 10 min at 95˚C, one cycle followed by 40 cycles consisting of 30 s at 94˚C with 2˚C/sec ramp rate and 1 min at 60˚C with 2˚C/sec ramp rate; then 10 min at 98˚C one cycle and hold at 4˚C indefinitely. After PCR, the plate was transferred to the Bio Rad QX200 Droplet Reader and the fluorescence of individual droplets was read following the manufacturer's protocol. The ddPCR data was analyzed by QuantaSoft ver. 1.7.4.0917 software with threshold manually set at 1000 after looking at the 1D scatter of the droplets.
Data Analysis
Precision and determination of DNA quantity was measured from at least three replicate PCR wells and expressed as %RSD. The accuracy was determined by measuring the DNA spike recovery and expressed as %Recovery by the following calculation:
((DNA quantity in spiked sample) -(DNA quantity in unspiked sample))*100/Spike amount
Results and Discussion
The above-mentioned drugs were directly added to the PCR wells for qPCR or ddPCR. The ddPCR results for RP-IG and RP-IR are shown in Figure 1 . The positive and negative droplets were well separated with low fluorescence in the negative droplets and no discernable effect of drug on the ddPCR. The ddPCR data analysis software has auto select function for the threshold, either for individual wells or combined wells. However, because of issues with auto settings [10] [11], we decided to set the threshold manually at 1000, which we used for all experiments reported here. We tested the linear range of the ddPCR method by serially diluting the E. coli DNA standard from 1e5 fg to 1.0 fg and performing ddPCR in triplicate over several days. Results exhibit a linear range from 1.0 fg to 1e5 fg of DNA per PCR reaction ( Figure 2 ) and the LOQ was set at Pharmacology & Pharmacy The ddPCR results are shown in the y-axis as copies of DNA detected. Based on the DNA standards only, the solid line shows the linear trend line for the mean. The dotted lines show the 95% confidence interval for the individual measurements, calculated by 2.0 RMSE of a log/log fit with slope = 1. The conversion factor of DNA copies to weight in fg was calculated from the inverse of the slope of the standard curve: 1/1.28 ≈ 0.8.
10 fg based on precision of 17.6% RSD. The linearity was maintained with drug added to the DNA standards ( Figure 2 ) with varying precision at 10 fg level, e.g., RSD < 30% for RP-IG, IFN-α and IGF; 33.9% for RP-IR; and 53.7% for IFN-γ. The spike recovery, as a measure of accuracy of the method from the different drugs in the linear range, was about 100% as seen in Figure 2 . The ddPCR determined copies of DNA can be converted to weight as shown in Figure 2 . Since the size of the E. coli genome is approximately 4.7 Mbps, or about 5.18 fg, the data showed that about 7 copies of the 16s rRNA gene target were present in the E. coli genome. A literature search showed that 1 to 15 copies of the 16 s rRNA gene were present in different bacterial genomes, with an average of seven copies found in E. coli [12] [13] . In order to assess sample matrix effect, RP-IR process-intermediate sample and purified drug substance were serially diluted 2-fold and 5.00 to 0.31 µg were tested in qPCR and ddPCR ( Table 1 ). The results showed that qPCR worked only when the samples were diluted to 0.63 µg or lower but ddPCR worked at all levels starting from 5.0 µg. An advantage of ddPCR over qPCR is a relative lack of matrix effect of crude, process intermediate and purified drug on the ddPCR method, as a result allowing testing larger amount of drug (Table 1) . However, the hrDNA values determined from the samples by either qPCR or ddPCR were reasonably close to each other (Table 2) .
We successfully developed a ddPCR method for E. coli hrDNA without the Table 1 . Sample matrix effect on qPCR and ddPCR. 
